Objective: The transition from quiescence to proliferation in vitro is accompanied by early expression of proliferation-associated genes encoding products including cytokines and enzymes. We aimed to investigate TGF-p 1, u-PA and PAI-1 gene expressions in relation to proliferation and extracellular matrix (ECM) protein gene expressions in porcine arteries following injury. Methods: Right iliac arteries of juvenile pigs were de-endothelialised and harvested at fixed times after injury. RNA was then extracted and analysed by Northern blot analysis. RNA transcripts in thickened neointima of arteries were examined by in situ hybridisation using digoxygeninlabelled cDNA probes. Results: TGF-/3 1, u-PA and PAI-transcripta were rapidly elevated (2-8h) and preceded a peak in histone mRNA at 24h after arterial injury. A second prolonged rise in TGF-P 1 mRNA at 4d coincided with elevated ECM protein gene expressions. TGF-8 1 gene expression was detected in neointimal cells lining the arterial lumen at 4wk after injury. Conclusions: The timings of increases in TGF-P 1, u-PA and PAI-1 mRNAs in injured arteries are consistent with contributions to processes prior to proliferation. The observation of a second protracted elevation in TGF-p 1 expression is supportive of an additional role in stimulation of ECM protein synthesis. Functional specialisation exists within the thickened intima of arteries late in repair.
Introduction
Restenosis is au unfortunate complication for 3040% of patients within 6 months of having undergone angioplasty or by-pass surgery [1, 2] . Although a number of pharmacological treatments have shown promise in limiting arterial restenosis in small laboratory animals, the same drugs have met with little success when tested in humans [l] . Data obtained using pig and primate models of restenosis after augioplasty appear to be more closely related to findings obtained for humans [2] . Like humans, by mitogenic stimuli derived from dysfunctional endothelium, activated macrophages and SMC themselves [7] . In tissues such as liver, the transition from a normally quiescent state to one of active proliferation is preceded by appearance of mRNAs for specific proliferation-associated genes [8] . Membership of this group of genes has been expanded to include transforming growth factor-p 1 (TGFp 1) [9] , and the immediate early genes, urokinase-type plasminogen activator (u-PA) [lo] and plasminogen activator inhibitor-l (PAI-1) [ 111. In addition to displaying a growth-related pattern of gene expression, TGF-P 1 is a potent inducer of extracellular matrix (ECM) protein synthesis in vitro [12] . To date, studies of u-PA and PAIgene expressions have involved serum-stimulated fibroblasts, keratinocytes and epithelial cells and there has been limited investigation of changes during arterial repair. In the present study we examined cellular proliferation and ECM protein gene expressions in relation to TGF-P 1, u-PA and PAI-gene expressions in porcine iliac arteries following balloon catheter injury.
Methods

Animals
Animals used in this study were treated in accordance with the National Health and Medical Research Council guidelines for animal research and the experimental procedures were as approved for this project by the Animal Welfare Committee of the University of Western Australia.
This investigation used normal male pigs of the Synthetic 2-way cross (mixture of Landrace and Large White breeds) obtained from a local piggery. The pigs were aged between 9 and 11 weeks and weighed about 20 kg. All pigs were fed a normal chow diet.
Balloon catheter de-endothelialisation (BCD)
Pigs were anaesthetised and an acute injury was made to the right iliac artery using an inflated balloon catheter. An arteriotomy was made in the right profunda femoris artery and a 5F Fogarty embolectomy catheter (Baxter) was passed up to the aortic bifurcation. The balloon catheter was inflated to an intra-balloon pressure of 700 mmHg and maintained at this pressure via a transducer attached to the catheter through a 3-way connector. The inflated balloon catheter was pulled down the iliac artery over a period of 20 s. This was repeated 3 times while rotating the catheter each time to compensate for any asymmetrical inflation of the balloon. The catheter was removed and the profunda femoris artery was ligated. The left iliac artery remained undamaged. Consistent removal of the endothelium in arteries injured by BCD was verified in pilot studies by staining of exposed mucopolysaccharides with Alcian Blue and also by examination of sections using electron microscopy.
Harvesting of injured arteries
At specified times after injury, pigs were anaesthetised and a laparotomy was performed. The i&a-renal aorta and iliac arteries were perfused with 500 ml of isotonic saline, the effluent being drained via the inferior vena cava. The right and left common iliac arteries were then harvested removing as much adventitia from the arteries as possible, and the specimens frozen and stored in liquid nitrogen. The following time points after BCD were chosen: 2, 8 and 24 h and 2, 4, 7, 14 and 28 days. A total of 3 independent series of pigs covering the entire time span were studied in this investigation.
RNA isolation and Northern blot analysis
Total RNA was extracted from arteries using a commercial kit based on the method of Chomczynski and Sacchi [ 131. Weighed frozen arteries (100-200 mg) were ground to a fine powder in a mortar and pestle under liquid nitrogen. The powder was added to Ultraspec (Biotecx Laboratories, Houston, TX, USA) RNA solution (100 mg/2 ml) and homogenised by 4 high-speed bursts (15 s> using an Ultra-Turrex 125 (Janke & Kunkel) tissue disintegrator. Total cellular RNA was then isolated using the Ultraspec RNA isolation protocol and yielded approximately 100 pg of RNA per 100 mg of artery. The pellet was dissolved in 25 ~1 1 mM EDTA and aliquots containing 20 pg of total RNA were heat-denatured and run on formaldehyde gels (1% agarose) containing ethidium bromide. The electrophoresis buffer was 20 mM MOPS (3-[N-morpholino]-propanesulfonic acid), 5 mM Na acetate and 1 mM EDTA, pH 7.0. RNA from normal artery and from injured arteries covering the period from 2 h to 4 weeks after injury were loaded on the same gel. Only one lane was allocated to uninjured artery as pilot studies established that, with the exception of elastin mRNA, transcripts were consistently low in arteries prior to injury. Following electrophoresis, gels were briefly exposed to UV light and photographed. RNA was then capillary-transferred overnight to Hybond N+ (Amersham, UK) and gels were re-examined under W light to ensure complete RNA transfer had occurred. After brief alkali fixation (5 min, 50 mM NaOH), membranes were washed and prehybridised for 2 h at 42°C in hybridisation solution containing 50% formamide (Amersham Hybond-N+ protocol). DNA probes were labelled with 32P-dCTP by nick translation of plasmids or random primer extension of inserts using kit protocols (Amersham, UK). Heat-denatured (lOO"C, 10 mm> probe was added to hybridisation solution prior to overnight incubation at 42°C. Recommended washing protocols (Amersham, UK) were followed and, after a preliminary estimate of signal strength using a Geiger counter, membranes were exposed to Cronex X-ray film (DuPont, Australia) at -70°C in cassettes using intensifying screens. loaded in a recent study of cardiovascular gene expression [14] , an area of research where GAPDH estimation as a reference gene may be unsatisfactory [15] .
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Autoradiograms were scanned using a Molecular Dynamics computing densitometer interfaced with an Image Quant software system. When quantitating transcripts, bands representing signals at all time points being studied were present on the one autoradiogram. Transcript signals were normalised to 18s rRNA (ECM protein genes) or to the ubiquitously expressed 36B4 mRNA. 36B4 is human acidic ribosomal phosphoprotein PO and 36B4 mRNA has been used as an internal reference to reflect total RNA and related genes in pig iliac artery during repair. These pigs were different from those in Fig. 2 . Total RNA was extracted from iliac arteries at specified times after balloon catheter injury and aliquots subjected to Northern blot analysis. The same membrane was hybrid&d sequentially with 32P-labelled cDNA probes as indicated. The mRNAs analysed were as follows: transforming growth factor-b 1, (TGFp 1, 2.5 kb); histone (0.9 kb); urokinase-type plasminogen activator (u-PA, 2.6 kb); u-PA receptor (u-PAR, 1.4 kb); plasminogen activator inhibitor-l (PAI-1, 3.2 kb) and 36B4 (1.4 kb). 36B4 is human acidic ribosomal phosphoprotein and has been used as an internal reference to reflect total RNA loaded.
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In situ hybridisation
Arteries were harvested at 4 weeks after injury when an obvious thickened intima was consistently present. Frozen transverse. sections (5 pm) were thaw-mounted onto slides, fixed with 4% pamformaldehyde, deproteinised and then hybridised with denatured digoxygenin-labelled (Boehringer Mannheim) cDNA probes at 42°C for 16 h as previously described [16] .
Histology and immunohistochemistry
Arteries embedded in paraffin were sectioned and stained with haematoxylin and eosin using standard techniques. Antibodies to factor-VIII-associated antigen (Dako-Patts) and desmin (Lipshaw) were utilised for immunohistochemistry with an immunoproxidase-detection methodology. 
Arterial intimal hyperplasia
The arterial injury in our study caused endothelial denudation, some damage to the internal elastic lamina and media with platelet aggregation and thrombus formation. In the repair process following injury, intimal thickening of pig iliac arteries first became evident at 2 weeks (Fig.  lA,B) and was obvious at 4 weeks (Fig. 1C) .
Changes in gene expressions in arteries following injury
The gene transcripts examined in this study were low in uninjured right iliac arteries (0 h) and were elevated in these arteries at differing times after injury. There were also no changes in gene expressions in uninjured left iliac arteries following injury to contralateral arteries.
H2a.2 histone gene expression
A 1Zfold increase in H2a.2 histone mRNA was detected in pig arteries at 24 h after balloon injury (Fig. 2 , Table 1 ). The histone transcript remained moderately raised at 4 days before gradually returning to lower levels. A slight but persistent elevation was still detected in injured pig arteries at 2-4 weeks after BCD (Fig. 3, Table 2 ). Intensities of bands in Fig. 3 were measured by densitometry and normalised to 36B4 mRNA. These values were then calculated as a percentage of the highest figure obtained for each transcript during the 28 days after injury. tr = trace.
at Pennsylvania State University on February 20, 2013 http://cardiovascres.oxfordjournals.org/
Downloaded from
When we examined arteries early in the repair process, we found that the histone transcript was undetectable at 2 and 8 h after injury (Fig. 3) .
Extracellular matrix gene expressions
Fibronectin gene expression.
Fibronectin mRNA was highly elevated in pig arteries following injury beginning at 24 h, reaching a peak at 4 days (7-fold increase) and remaining at about this level until 14 days (Fig. 2, Table  1 ). The initial increase in fibronectin expression (24 h) was earlier than rises in transcripts for elastin and collagen genes which occurred later at 4 days after injury. Fibronectin mRNA was reduced to a third of peak levels at 28 days after BCD, but it was still several-fold higher than in uninjured artery. Although fibronectin mRNA was detectable, it was very much diminished in arteries in the first 8 h after injury. Elastin gene expression.
Elastin mRNA was reduced in injured arteries for the first 24 h of the repair process before returning to levels seen in uninjured arteries at 4 days after BCD (Fig. 2, Table 1 ). The elastin transcript was elevated 2-fold in injured arteries at 7 days, before returning to normal levels at 14 days after injury.
Collagen I (al) gene expressions. At 4 days after injury, collagen I ((~1) transcripts in pig arteries were increased about 8-fold (Fig. 2, Table 1 ). These raised levels were maintained from 4 to 14 days after BCD. The collagen transcripts were then somewhat reduced at 28 days but they were still 4-S-fold higher than in uninjured arteries. Like elastin mRNA, collagen I ( (Y 1) mRNAs were reduced in arteries in the first 24 h after injury, the reductions being particularly marked at 8 h and 24 h. Changes in type III ((Y 1) collagen mRNA in pig arteries following BCD were similar to type I ( CY 1) mRNAs (not shown).
TGF-PI gene expression.
The TGF-P 1 gene transcript could only be faintly detected in uninjured arteries and was rapidly elevated about 5-fold at 2 and 8 h after BCD (Fig.  3 , Table 2 ). We then observed what appeared to be a reduction in this transcript at 24 and 48 h followed by a second prolonged rise beginning at 4 days and continuing until 14 days after injury. During this second peak TGF-P 1 mRNA was not increased as much as earlier (2.5-fold). At 28 days, TGF-Pl gene expression in injured arteries was still 50% higher than in uninjured arteries (Table 2 ). In situ hybridisation demonstrated that a luminal subset of SMC in the thickened intima was a site of active TGF-Pl expression in pig arteries at 4 weeks after injury (Fig. 4) . Interestingly, we were unable to detect histone mRNA in the same injured arteries which showed high early expression of TGF-P 1 at 2 and 8 h after injury (Fig. 3) .
Expression of genes for u-PA, u-PAR and PAI-I. We found that u-PA and PAI-transcripts were not detectable in uninjured pig arteries but were soon highly elevated at 2 and 8 h after injury (Fig. 3, Table 2 ). A trace of u-PAR mRNA was also detected in injured arteries at 8 h. The amounts of u-PA and PAI-mRNAs were then markedly reduced in injured arteries at 24 h and remained at lower levels.
In situ hybridisation of TGF-PI and TGF-P type II receptor transcripts in iliac artery at 4 weeks after injury. In situ hybridisation analysis showed that a subset of cells located on or near the luminal surface of the thickened intima of pig artery at 4 weeks were strongly positive for TGF-/3 1 and TGF-P type II receptor transcripts (Fig.  4A,B) . This finding was consistently observed in neointima from arteries at 4 weeks after injury in 3 different pigs. The distributions of cells which demonstrated signals for the two gene transcripts were somewhat different. TGF-/3 1 mRNA-positive cells were located on the luminal surface, and, in sections, extended into the neointima to a depth of several layers of cells (Fig, 4A) . Many of these deeper TGF-/I l-positive cells were likely to be SMC since desmin-positive cells were found immediately under the cells lining the luminal surface (Fig. 40 . TGF-/3 type II receptor mRNA-positive cells, on the other hand, appeared to be factor-VIII-positive and therefore were likely to be endothelial cells (Fig. 4B,D) .
Discussion
The mechanisms that initiate proliferation of SMC in animal arteries after balloon injury and which later induce prolonged synthesis of ECM proteins are likely to play roles in human vascular restenosis following surgery. Very few cells undergo active proliferation in quiescent uninjured artery, but 20-40% of rat arterial SMC enter a synchronous transition from quiescence to proliferation following balloon injury [ 17, 181 . Arterial de-endothelialisation therefore provides an experimental model for the study of the proliferative response of SMC in vivo. Our current understanding of the molecular biology of arterial intimal hyperplasia is based on the hypothesis that SMC themselves play the principle role in initiation of proliferation [7, 19, 20] . Proliferation-associated TGF-P 1 gene expression has been reported for balloon-injured rat aortae [9], but there is some controversy as to whether TGF-P 1 actually promotes SMC growth in humans 121,221. Evidence has also been provided that transition from quiescence to proliferation in other tissues is preceded by appearance of immediate-early gene expression which can vary considerably from that observed with mitogen-stimulated cells such as fibroblasts i.81. In the present study we have examined expressions of the delayed-early gene, TGF-P 1, and the immediate-early genes, u-PA and PAI-1, during arterial repair in the pig in relation to H2a histone mRNA and to ECM protein mRNAs. H2a histone mRNA is one of a number of histone mRNAs which are coordinately regulated and tightly coupled to DNA synthesis [23, 24] and is used as a measure of the proliferative component of tissues [25] .
We have demonstrated that the 2.5 kb TGF-Pl transcript was highly elevated soon after injury at 2 to 8 h, before an apparent reduction at 24 to 48 h and another prolonged rise starting at 4 days. The level of TGF-P 1 mRNA measured in arteries early in the repair response at 2-8 h after injury was about 2-fold higher than during the second rise in this transcript at 4 to 14 days. The changes in TGF-P 1 during arterial repair in the pig observed by us are very similar to those reported by Miano et al. for rat aortae [8] and appeared 4 h earlier than those observed by Majesky et al. for rat carotid arteries [26] . When we examined H2a.2 histone mRNA in injured pig arteries, we found that this histone gene transcript fell below uninjured levels and was undetectable when TGF-P 1 mRNA was at at Pennsylvania State University on February 20, 2013 http://cardiovascres.oxfordjournals.org/ Downloaded from highest levels, at 2-8 h after injury. Although only small numbers of SMC in the uninjured artery are in the late G, phase of the cell cycle immediately before entry into S-phase [17] , our data suggest that there is inhibition of DNA synthesis by these partially-committed SMC in the first 8 h of arterial repair in the pig. This inhibition may be a result of a requirement for a synchronous entry of cells into DNA synthesis which is a feature of the replicative response by SMC in rat arteries [17] . Bearing in mind in vitro data demonstrating that TGF-/3 1 can act as an indirect mitogen at low concentrations while being growth-inhibitory at higher concentrations [27] , TGF-/3 1 would appear to be a candidate for growth inhibition early in arterial repair. TGF-/3 1 has been shown to block cell cycle progression late in G, for other cell types [28] .
Our data on H2a histone gene expression suggested that there was a peak in DNA synthesis in pig arteries at 24 h and a return to lower levels a day or so later. This is in good agreement with data on [3H]thymidine incorporation in rat carotid arteries where SMC entered the S-phase at 24-27 h and most DNA synthesis occurred over the next 12-18 h [17] . In our study, we found that balloon catheter denudation of pig iliac arteries resulted in maximal growth of the intima between 2 and 4 weeks (Fig. lB,C) , at least 12 days after the peak in proliferation. Since proliferation could not be making a large contribution to intimal thickening at this time, we conclude that our data are consistent with a significant number of SMC migrating to the intima and synthesising ECM proteins. Migration of non-proliferating SMC to the intima has previously been noted by Clowes and Schwartz who estimate that 50% of SMC in the neointima in rat arteries at 14 days were there as a result of migration alone [18] . The stimulus for continued migration of SMC to the intima is unclear. We found that TGF-/3 1, a chemokine for SMC [29] , was increased in pig arteries 4 days after BCD. Based on observations that SMC began accumulating in the neointima of rat arteries at 3-4 days after injury [30] , we feel that further investigation into a possible function for TGF-P 1 in the control of SMC migration is warranted. Although the initial wave of SMC proliferation in arteries was essentially completed within 48 h, the presence of elevated H2a histone mRNA in pig arteries at 2 and 4 weeks after injury suggested a slight but persistent elevation of proliferation at these times.
There were significant difference between our data on ECM protein gene transcripts in injured pig iliac arteries and findings in similar studies of rat carotid arteries. In our study, ECM protein gene transcripts were elevated in arteries shortly after the surge in SMC proliferation was completed, at 4 days after BCD. In rat carotid arteries, ECM protein gene transcripts were increased after a longer lag period, at 7 days after BCD [31] . We found that increases in ECM protein gene expressions preceded and accompanied neointima formation in pig arteries, whereas Nikkari et al. concluded that ECM protein gene inductions occurred mainly at 2-4 weeks when the bulk of intimal thickening in their study of rat carotid arteries had already become apparent [31] . The degree to which transcripts were maximally elevated in arteries following BCD also differed. In the present study, fibronectin and collagen I ((Y 1) mRNAs were increased 7-to S-fold, respectively, whereas elastin mRNA was only elevated about 2-fold. Nikkari et al., on the other hand, demonstrated a larger increase in elastin mRNA (Cfold) relative to collagen I mRNA (2-fold) [31] . We found that elevations in ECM protein gene expressions coincided with the second phase of increased TGF-P 1 expression in pig arteries at 4-14 days after BCD. This is in accord with a stimulation of ECM protein synthesis by TGF-P 1 during arterial repair [12] . Majesky et al., however, concluded that the timing of the increase in mRNA levels for fibronectin and collagen I (~~21 correlated best with neointima formation rather than any increase in TGF-P 1 mRNA levels [26] . In our study, the bulk of the increase in fibronectin mRNA in injured pig arteries was observed between 4 and 14 days, but there was an earlier rise in this transcript at 24 h after injury. A similar conclusion can be drawn from examination of data on fibronectin gene expression in rat carotid arteries [26] . The early appearance of fibronectin expression may result from additional input from cytokines other than TGF-P 1 including interleukin l/3 and platelet-derived growth factor WI.
There was a marked down-regulation in expression of ECM proteins, particularly collagen I (al), prior to and during the peak in SMC proliferation in arteries in the current study. Majesky et al. reported similar changes for collagens I and III in the first 24 h of arterial repair in the rat [26] . An important conclusion from these findings is that a physiological mechanism exists in arteries for the coordinated down-regulation of ECM protein genes early in the repair response. If the signals which modulate this mechanism can be identified, it may be possible to selectively switch off matrix synthesis later in repair and thereby limit the degree of arterial thickening. Both the present study and the earlier study on rats [26] found that the initial down-regulation of ECM protein gene expressions occurred when TGF-/31 mRNA was at high levels. One possible explanation for this apparent inconsistency may be the presence of other antagonistic cytokines such as basic fibroblast growth factor which is synthesised in arteries shortly after injury [9] and which is a potent inhibitor of TGF-P l-mediated matrix production in vitro [33l.
In the present study, we found that u-PA and PAL1 mRNAs were elevated in pig arteries at 2-8 h after BCD before falling to much lower levels over the next 4 weeks. A trace of u-PAR mRNA was also detectable at 8 h after injury and, since we were approaching the limits of sensitivity for our methodology, we feel that it was likely that u-PAR gene expression in arteries paralleled that of u-PA and PAI-1. We interpreted the coordinated appearance of at Pennsylvania State University on February 20, 2013 http://cardiovascres.oxfordjournals.org/ Downloaded from these 3 transcripts in arteries in the first 8 h after injury to reflect proliferation-associated functions for u-PA and PAI-1. These in vivo data are in agreement with previous in vitro studies which have shown that u-PA and PAI-are immediate-early genes which are expressed in normal cells during transition from a quiescent to a proliferative state [ 10,111. Recent study suggests that u-PA functions as a growth factor [34] , but the role played by PAI-in the proliferative response is unclear [l 11. Our data on u-PA gene expression in injured pig arteries is quite different from that reported for rat arteries, where there was no early increase in u-PA mRNA prior to SMC proliferation, although there was an increase in u-PA proteolytic activity [35l.
We have demonstrated that the proliferation-associated genes TGF-/I 1, U-PA and PAI-were rapidly induced in pig arteries in response to balloon injury and we feel that these early gene expressions were likely to be predominantly derived from SMC within the arteries. We base this conclusion on a number of observations. The balloon catheter injury in our study completely denuded endotheha1 cells lining the arterial lumen and the adventitia had been dissected away from arteries prior to Northern blot analysis. All 3 early gene expressions reached near-maximal levels in arteries within 2 h of injury, a timepoint when very few leucocytes would have transmigrated as part of the inflammatory response (unpublished observations and Ref. 36). We also addressed the question of the cellular localisation of TGF-/I 1 gene expression in injured pig arteries later at 4 weeks, when intimal thickening became obvious. Using in situ hybridisation, we showed that a narrow layer of cells lining the luminal edge of the thickened intima strongly expressed TGF-/3 1 mRNA. Many of these cells appeared to be SMC and were located under a regenerated layer of endothelial cells. A luminal subset of cells in the arterial intima of rat arteries has also been reported to be the site of synthesis of elastin, fibronectin and PDGF-A, and of ongoing proliferation [31, . Although it has been speculated that the signalling pathway triggered by TGF-P 1 binding to its type II receptor may introduce a growth-inhibitory input [40] , the significance of our finding of a strong expression for this receptor gene in regenerated endothelial cells lining the thickened arterial intima remains to be determined.
In summary, we have established a model of arterial repair in the pig and examined several molecular mechanisms which may contribute to arterial stenosis. Some of the changes in expression of ECM protein genes in pig iliac arteries following injury were different from those reported for rat carotid arteries. We found that ECM protein gene expressions were increased earlier after injury to pig arteries, preceding and accompanying formation of the thickened intima. A dominance of increase in collagen I ((Y 1) mRNAs relative to that of elastin mRNA was observed during the period of elevated ECM synthesis in the pig model. We have also provided data consistent with u-PA and PAI-having roles in the progression of porcine arterial SMC through G, in vivo, in contrast to data reported for rat carotid arteries. Using in situ hybridisation, we have demonstrated that a protracted increase in TGF-P 1 gene expression was confined to a subset of cells lining the lumen of porcine artery at 4 weeks after injury. There is now substantial evidence that TGF-P 1 is involved in several mechanisms contributing to arterial intimal hyperplasia and further studies are needed to investigate whether alteration of the availability of TGF-P 1 in arteries changes arterial intimal hyperplasia in a beneficial way.
